We determine the temperature dependent damping rate of longitudinal acoustic phonons in SrTiO3 using frequency domain Brillouin scattering and time domain Brillouin scattering. We investigate samples with (La,Sr)MnO3 and SrRuO3 capping layers, which result in compressive or tensile strain at the layer -substrate interface, respectively. The different strain states lead to different domain structures in SrTiO3 that extend into the bulk of the SrTiO3 substrates and strongly affect the phonon propagation. Our experiments show that the damping rate of acoustic phonons in the interfacial STO layer depends strongly on the sample temperature and strain induced domain structure. We also show that the damping rate as function of temperature exhibits a critical behavior close to the cubic-to-tetragonal phase transition of SrTiO3.
I. INTRODUCTION
SrTiO 3 (STO) is one of the prototypical perovskite oxide materials. It attracted a lot of attention due to its incipient ferroelectric properties where quantum fluctuations inhibit the formation of a long-range ferroelectric order even at lowest temperatures 1 . It is also technologically important as its large dielectric constant 1 as well as its bulk lattice constant 2 of a = 0.3905 nm allows to tailor device structures with new artificial properties comprising of other, especially perovskite based, materials. It is for example possible to epitaxially grow thin high-temperature superconducter films or other materials with magnetic or ferroic properties on STO substrates and study interactions within these heterostructures.
STO crystallizes the so-called perovskite crystal structure. At room temperature (T ), an oxygen octahedron surrounds the central Ti cation. The octahedron is embedded in a cubic arrangement of Sr cations. STO undergoes a structural, antiferrodistortive (AFD) phase transition at T a ≈ 105 K where the octahedra of adjacent unit cells rotate along a common axis in opposite directions 3 . This phase transition results in a slight tetragonal distortion of the unit cell below T a with c / a ≈ 1.0006. Below T a , the tetragonal axes are in individual domains aligned parallel to a common rotation axis 2 . The orientation of the c axes depends on local strain fields due to crystal imperfections and occurs with almost equal probability along any of three cartesian coordinate axes 4 . It is wellknown that the AFD transition takes place at the R point of the Brillouin zone boundary and involves the softening of the corresponding triply degenerate phonon mode [5] [6] [7] . This structural transition produces domain patterns with needle-shaped twin domains 2, [8] [9] [10] [11] . It is commonly accepted that the domain structure and its stability is important for the mechanical properties of STO below T a [12] [13] [14] [15] [16] . One for example finds a drop of the sound velocity v L of longitudinal acoustic (LA) phonons that for low frequencies on the order of several Hz has been attributed to the so-called superelastic effect 17, 18 . However, it has recently been shown that also GHz phonons induce the superelastic softening effect in STO because the compressive part of the acoustic phonon mode overcompensates the tetragonal distortion along the phonon propagation direction and thus enhances the mobility of twin domain walls 19 . It has furthermore been proposed that the polarization reversal of ferroelectric domains is accompanied by a supersonic movement of kinks at GHz frequencies 20 . In addition, externally applied pressure or electric fields also affect the formation of the domain structure 4 . In the vicinity of the surface of bulk STO crystals for example a distorted layer is formed 21, 22 that depends on the sample fabrication 23 and can be modified by strain exerted by thin films epitaxially grown on top 24 .
As the alignment of the domains modifies the mechanical properties of STO, it is therefore important to relate the structural to the mechanical properties. A way to study the mechanical properties of materials is to use LA phonons and investigate their propagation properties, that is, their propagation velocity and damping rate. The phonon propagation velocity, v L , and the elastic moduli along the propagation direction of the phonon are given by the components c ij of the stiffness tensor C ij , which allows to relate both 15, 25 15, 27, 28 and v L exhibits a dip 13 . This might indicate an increase of the interaction between optical and acoustic phonons 15, 29 , which in turn gives rise to critical scattering observed in neutron 3,30 and x ray scattering experiments 31 as well as light scattering 13, 32 . These observations have been embedded in the concept of the socalled critical phenomena where fluctuation amplitudes of the order parameter close to T a become so large that the coherence length diverges. As a consequence, the physical description of the phase transition becomes independent of the actual nature of the transition, which is reflected in the term "universitality class" that describes the phase transition close to the critical T by a characteristic "critical" exponent. For STO, already Müller et al. have suggested that the order parameter deduced from EPR measurements, the turn angle of the oxygen octahedra, exhibits a critical exponent 33 and it has been shown by Berre et al. that also the phonon attenuation of MHz phonons can be described assuming a critical behaviour 15 . In this publication we show that the structural modifications of STO beneath the epitaxial metallic nanolayers SrRuO 3 and (La 0.7 Sr 0.3 )MnO 3 strongly influence the damping rate of GHz LA phonons. Reciprocal space mapping confirms that both materials result in different domain structures at the interface between metallic overlayer and STO substrate. In "time-resolved" timedomain Brillouin scattering (TDBS) and "static" Brillouin scattering (BS) experiments without time resolution we distinguish between harmonic and anharmonic lattice contributions and determine the damping rate of acoustic phonons as function of T . Finally, we show that the damping rate, Γ, of the LA phonons exhibits a critical behavior with different critical exponents for the samples under compressive and tensile strain above and below T a , respectively. We report measurements on three different samples: TDBS and x ray diffraction measurements have been performed on two (100)-oriented STO samples (CrysTec, Berlin, Germany; miscut angle 0.1
• ), one with a 37 nm thick (La 0.7 Sr 0.3 )MnO 3 transducer layer (in the following referred to as "LSMO") and another one with a 15 nm thick SrRuO 3 transducer layer ("SRO"), both grown by pulsed laser deposition. The lattice mismatch between STO and the transducer materials results in negative (in the case of LSMO) and positive (in the case of SRO) in-plane strain. BS measurements were performed on the sample with 15 nm thick SRO layer and an uncovered STO substrate from the same manufacturer for comparison.
II. TDBS WITH AND BS WITHOUT TIME RESOLUTION
In this work we have studied the damping of LA phonons using two variants of Brillouin scattering experiments: In the time-resolved TDBS measurements we excite a metallic transducer layer with an ultrashort optical pump pulse with central wavelength λ = 800 nm derived from a Ti-Sapphire amplifier system running at 5 kHz (Spectra Physics). After a certain time delay τ we probe the sample with a white light continuum pulse generated in a sapphire plate 34 and record the reflectivity change ∆R(τ ) =
where R(τ ) is the time dependent optical sample reflectivity and R(τ = 0) the reflectivity of the unpumped sample before excitation [35] [36] [37] . The metallic transducers SRO respectively LSMO absorb the energy of the laser pulse and expand quasiinstantaneously. Subsequently, a longitudinal strain wave is launched into the STO substrate 37 . This LA phonon propagates perpendicular to the sample surface, in our case along the [100] direction of STO. The generated strain amplitudes have previously been calibrated for SRO and LSMO transducers under comparable conditions using ultrafast x ray diffraction: Strain amplitudes on the order of ∼ 0.5% are typically generated 38 . In damped cosine function has been fitted to the measured data as indicated by the red curve in Fig. 1 , which allows us to directly extract the damping rate Γ of the acoustic phonon. In contrast to neutron and Brillouin scattering where the life time is inferred from the line width 39 , in TDBS the damping rate is directly observed in the time domain. The phonon oscillation frequency of the excited acoustic phonon is seen as oscillating signal in the TDBS data. 40 Monitoring the full white light continuum with a fiber-coupled Czerny-Turner spectrometer with CCD array (Avantes) allows us to simultaneously record a broad spectrum of the coherently generated phonons 35, 38, 41 with wavevectors 45 µm −1 < q < 65 µm
in the visible spectral region. Some of the authors have previously studied the nonlinear LA phonon propagation in STO due to its strongly anharmonic lattice potential 36, 38 . Depending on the optical excitation amplitude, the anharmonicity of the lattice has to be taken into account. We show in Fig. 2 the fluence dependence of Γ at T = 300 K for the LSMO sample after multipulse excitation as a measure for the lattice anharmonicity. We have used a multipulse excitation where we distribute the energy of the excitation over several pulses and hence reduce the contribution of the anharmonic lattice contribution 36 and at the same time also excite narrow-bandwidth phonons with a well-defined q vector 35 . For some of the experiments presented in this paper, we have used 8 pump pulses with a duration of ∼ 7 ps and a temporal spacing of ∼ 15 ps. This excitation and we will compare in the following these results with the high fluence single pulse excitation experiments performed on the same samples and the "static" Brillouin scattering experiments. From the observed fluence dependence of Γ after multipulse excitation we distinguish two different regimes: First, a low fluence range up to ∼ 30 mJ/cm 2 where Γ increases only slightly. The second regime for fluences higher than 30 mJ/cm 2 suggests that the non-linear response of the lattice becomes important, which we associate with the steep increase of Γ observed for the high fluences close to the damage threshold of the transducer. These high fluences are in the range where we have previously observed the superelastic effect for GHz phonons using a single pulse excitation of the LSMO sample 19 . The "static" Brillouin scattering (BS) experiment on the other side measures the frequency shift of a continuous wave Nd:YAG laser with λ = 532 nm monitored in transmission geometry at normal incidence using a high resolution offset stabilized tandem (Sandercock) FabryPérot interferometer 42 . Consequently, phonons with q = 58 µm −1 are probed. In Fig. 3 a typical frequency resolved BS spectrum for T > T a is shown. The asymmetry of the line shape stems from the interference between the polarizations corresponding to the Brillouin and quasielastic scattering contributions 43 , although the detailed mechanism is still unclear. A Fano function 44 convoluted with the resolution function as indicated by the red line in Fig. 3 accounts for the asymmetry and yields a good fit to the experimental data. A comparison of the damping rate deduced from the line width of the BS spectrum and the decaying envelope of the oscillation in the TDBS spectra is presented in Sec. IV.
III. STRUCTURAL SAMPLE CHARACTERIZATION
In the following we confirm that the domain patterns of the STO substrates in the samples with SRO and LSMO transducers at temperatures T < T a are different. Reciprocal space mapping (RSM) performed at the KMC3-XPP endstation of the synchrotron radiation source BESSY II, Berlin, Germany, using highly collimated hard x rays with photon energy 10 keV probes the interfacial region between STO and the transducer layers. The penetration depth of 10 keV photons is on the order of 2 µm in STO for the 002 Bragg reflection. Hence, we probe preferably the interface between the metallic transducers and the STO substrates, similarly to the experiments discussed in Ref. 24 . A typical RSM with q z and q x components is shown in Fig. 4a ) for the SRO sample at T = 70 K and in Figs. 4b ) and c) we show the corresponding normalized diffraction intensities I / Imax for the SRO and LSMO samples, respectively, at three selected T after the integration of the measured RSM intensities along q z . We observe in the both samples below T a a splitting of the 002 Bragg reflection of STO into two components. We assign the more intense peak to domains with the tetragonal c axis aligned perpendicular to the interface and the weaker peak to domains with their tetragonal axis oriented parallel to the interface. These results show that at low T the splitting of the a and c domains is different for the SRO and the LSMO samples: For SRO we obtain c / a = 9 · 10 −4 whereas the LSMO sample exhibits a 20% larger ratio of c / a = 7 · 10 −4 , which both are significantly larger than the tetragonality observed in bulk STO samples 2 . In our opinion this explains why superelasticity for hypersound waves was only observed in samples with LSMO transducers since the suggested process in Ref.
19 requires an overcompensation of the tetragonal distortion, and potentially, the required stress is above the damage threshold of the SRO transducer.
For completeness, in Fig. 4d ) we report ultrafast x ray diffraction data on the LSMO sample. The sample was at T = 70 K excited with a laser fluence of about 5 mJ/cm 2 at the excitation wavelength λ = 1030 nm, that is, considerably less than the 45 mJ/cm 2 required to observe the superelastic effect 19 . Unfortunately, such high fluences are not available from the laser system at the KMC3-XPP endstation because the efficient synchronization of the laser pulses to the ring frequency favours high repetition rates of the laser pulses, which in turn implies low pulse energies. The green line in Fig. 4d) shows that the Bragg peak develops shoulders at its high and low q z sides, indicating that a acoustic phonon is generated and propagates in STO 0.25 ns after the excitation. Around 2 ns, the sound wave is fully damped, which is consistent with our TDBS data shown in Fig. 1 where the sound wave is completely damped after ∼ 1 ns. At later times, the Bragg peak shows the characteristic shift towards smaller q z values corresponding to a transient temperature increase because heat is diffusing from the laser-excited transducer into the substrate.
IV. RESULTS AND DISCUSSION
Before we start the discussion of the results, we emphasize that TDBS probes the propagation of generated LA phonons 35 as the accompanying strain fields locally modify the refractive index of the surrounding material 35, 45, 46 . We extract from the TDBS spectra after a fast Fourier transformation of the measured TDBS intensities along the time axis for every probe wavelength, that is, every q vector, the sound velocity v L of the excited LA phonon 38 . The T dependent sound velocity of STO as obtained from the experiment on the LSMO sample after single pulse excitation is shown in the inset of Fig. 5 19 , consistent with the results in Ref. 13 . Simultaneously, as shown in Fig. 1 , the damping rate Γ is obtained as the "decay constant" of the cosine fit function. The results of the evolution of Γ as function of T is displayed in the main panel of Fig. 5 . At high T in the cubic phase of STO, we observe a T independent value of Γ ≈ 2 GHz. As the temperature approaches T a , Γ steeply increases and reaches its maximum of Γ ≈ 9 GHz at T a ≈ 108 K. As the temperature is further lowered, the damping rate decreases and settles at a slightly higher value of 2.5 GHz at ∼ 65 K. At T ≈ 33 K, an additional increase of the damping rate is observed. At this T the mechanical properties of STO also exhibit discontinuities 6, 12, 47 . However, recent works imply that the origin of the sound velocity reduction and hence the increase of the damping rate around ∼ 33 K is caused by the crossing or at least strong interaction of the ferroelectric and the AFD soft phonon modes 16 . It seems that polar domain walls are realized in STO below ∼ 50 K 48-50 and the associated mobility increase 51 might be observed as increase of Γ in our mea- surements.
An important aspect of the phonon damping rate is its q dependence. In Fig. 6 we show our results and compare these with results from other measurements at different q vectors, all measured at room temperature 14, [52] [53] [54] . The dashed line indicates a line with slope 2 as calculated from Akhiezer's model 55 , who proposed a q 2 dependence of Γ. Our experimental results confirm this model for T = 300 K. As we decrease the temperature, we observe in the visible spectral region the same q 2 behavior as shown in Fig. 7 . Now we proceed to the discussion of the T dependence of Γ. In Fig. 8 we display the extracted damping rates for all samples, measurement, and excitation schemes as function of |T − T a | on a double logarithmic plot and in the inset on a linear scale 56 . We compare here single and multipulse excitations for the TDBS measurements with the continuous wave excitation during the BS experiments and observe distinctive differences of the absolute value of Γ and also different T dependencies. Already at room temperature we note the following differences between the measured samples: The phonon damping is in our samples at 300 K on the order of 1-2 GHz. The single pulse, high fluence TDBS measurements result in higher damping rates of ∼ 2 GHz, the multipulse excitation measurements yield together with the low excitation TDBS measurement from Ref. 53 and the BS experiments systematically lower values of ∼ 1 GHz. Significant differences between samples and measurements can be identified. In our experiments the highest value Γ ≈ 16 GHz occurs in the SRO sample after multipulse excitation, the other experiments and samples typically show damping rates on the order of 8-10 GHz. In the low T tetragonal phase, the LSMO measurements indicate for single and multipulse excitation significantly higher damping rates of ∼ 4 Ghz compared to the SRO and bulk STO results of ∼ 1 GHz.
We propose that the T dependence of Γ exhibits also for GHz LA phonons a critical behavior. Hence, we expect a linear behavior of Γ as function of the reduced temperature |T − T a | in a double logarithmic represen- Fig. 8 for the different samples and measurement schemes. η are the exponents for T < Ta and η for T > Ta. tation. From our measurements we cannot determine T a with an accuracy better than ±1 K. We visualize this uncertainty range by the gray shaded area in Fig. 8 . The uncertainty originates dominantly from the fact that Γ rises very sharply close to T a as can clearly be seen in the linearly scaled inset of Fig. 8 . Thus, already small temperature variations have a large influence on the extracted values of Γ in the vicinity of T a . In addition, the TDBS and BS measurements have been performed with different setups, which gives systematic uncertainties in reading the temperature. We note that furthermore T a can be increased by pressure 27, 57 or reduced due to a possible charge carrier accumulation, which can for example be the result of an oxygen non-stoichiometry 58 . We exemplary show in Fig. 8 linear fits for LSMO TDBS data with multipulse excitation (dashed blue), the SRO TDBS measurement with multipulse excitation (solid red), and for the BS results of bare STO (dotted black). The resulting critical exponents η for T > T a (η for T < T a ) as well as the values of T a are summarized in Tab. I. In the cubic phase above T a , the fits describe the experimental results in the temperature interval T a ≤ T a + 40 K in agreement with the data and results presented in Ref.
59 . In the tetragonal phase below T a , we observe a linear dependence of Γ as function of the reduced temperature down to T a ≥ T a − 70 K.
We discuss now the values of η and η that we obtain for the different samples and excitation schemes. In the literature, one finds a large variation of the reported values of the critical exponents in STO and measured by different experimental techniques. Our results yield the critical dynamical exponent for the LA phonon damping rate, which is of course inversely proportional to the phonon attenuation. Our results for η, that is, for T > T a , agree with results predicted by Rehwald 29 at MHz frequencies, closely resembling the mean-field value of η. However, they differ significantly from published results for MHz phonons 15, 27 where η ≈ 1.25 has been determined. At T < T a , we observe different values of the critical exponent η than we have observed above T a . In case of the LSMO sample, we extract lower values of η for the single pulse excitation and a significantly reduced value after the excitation with multiple pulses. In contrast to this behavior, we yield for SRO and bare STO samples higher values for η than for η. We attribute these differences to the different domain structures of the samples below T a : The critical coefficients of the phonon damping rate reflect the fact that the motion of the AFD twin domain walls under compressive (tensile) strain are damped out less (more) efficiently considering the comparable multipulse excitation. This is even more surprising as the fluence per pulse is 20 / 8 = 4.5 mJ/cm 2 , a value that is far away from the threshold where we have observed the superelastic effect in the single pulse excitation.
V. CONCLUSIONS
We have measured the damping rate of GHz acoustic phonons in SrTiO 3 . Our time-resolved and frequencyresolved Brillouin scattering experiments indicate particular differences in the damping rate for bulk SrTiO 3 as compared to SrTiO 3 samples with epitaxially grown thin metallic transducer layers that exert in-plane compressive or tensile strain, respectively. Our reciprocal space maps indicate that the compressively strained samples with LSMO transducers exhibit a different domain pattern than the samples under tensile strain. This manifests itself in different damping rate of the GHz longitudinal acoustic phonons below the antiferrodistortive phase transition temperature of SrTiO 3 . We have furthermore shown that the the phonon damping rate exhibits a critical behavior with different critical exponents below and above the phase transition. 53 after low power excitation of a Pt transducer. The inset contains the same data points on a linear scale. The dashed lines are exemplary fits to the damping rates in order to extract the critical exponents η and η of the phase transition below and above Ta, respectively. For a better visual comparability, all measurements have been shifted such that the maximum damping rate occurs at Ta = 105 K, the transition temperature of bulk STO. The experimentally determined values of Ta from our measurements and the results of the fits are given in Tab. I.
